The effects of adenosine and adenosine analogs on adenylate cyclases from several tissues have been examined. Two adenosine-reactive sites have been identified: (i) the "R" site, occupancy of which usually leads to activation of cyclase and which requires integrity of the ribose ring for activity, and (ii) the "F" site, which mediates inhibition and requires integrity of the purine ring for activity. Biphasic effects of adenosine are explained by the presence of both sites on a single adenylate cyclase. Comparison of these data with those in the literature indicates that adenosine-reactive "P" and "R" sites are present generally.
Diverse physiological effects of adenosine have been known for a long time. Effects of adenosine on vasomotor and other autonomic functions have led to the concept of purinergic nerves (1) . Moreover, adenosine is released from tissues in response to various stimuli (2, 3) . A possible unifying mechanism for the effects of adenosine was suggested-by the studies of Sattin and Rall (4) who showed that adenosine led to augmentation of cyclic AMP (cAMP) levels in brain slices. Subsequently, isolated neuronal and other cells have been shown to respond similarly to adenosine (5) (6) (7) (8) (9) (10) (11) . In a number of tissues it has been possible to demonstrate direct stimulation of adenylate cyclase by adenosine in isolated membrane preparations (12) (13) (14) (15) (16) (17) .
Paradoxically, adenosine has also been shown to inhibit cAMP accumulation and adenylate cyclase activity in certain tissues (2, (18) (19) (20) (21) (22) (23) as well as to cause biphasic stimulatory and inhibitory effects in others (discussed below). Such findings suggest that the stimulatory and inhibitory effects of adenosine may be exerted through different sites. In the present report we demonstrate that this is indeed the case because the two effects of adenosine differ in their chemical specificity, sensitivity to incubation conditions, and distribution in various cells.
MATERIALS AND METHODS
The sources for materials used in the assay of adenylate cyclase activity have been reported (24) . Formicin, 2-methyladenosine, 2-aminoadenosine, 9-f-D-arabinofuranosyl adenine, 7-deazaadenosine, 8 -azaadenosine, and 8-bromoadenosine were gifts from the International Chemical and Nuclear Corp. 9-3-LRibofuranosyl adenine, 2'5'-dideoxyadenosine, and 9-f-Dxylofuranosyl adenine were provided by the Drug Research and Development Branch of the National Cancer Institute; N6-phenylisopropyladenosine was a gift from John Fain, Brown University. N6-Methyladenosine, 2'-deoxyadenosine, and 5'-deoxyadenosine were purchased from Pabst Laboratories. Cordycepin, 9-f-D-ribofuranosyl purine, and 2',3'-isopropylidene adenosine were purchased from the Sigma Chemical Co.
Preparation of Membranes. Rat liver plasma membranes were prepared as described (25) . Membranes from I-10 Ley-dig tumor cells, from Y-1 mouse adrenal tumors, and from beef thyroid were prepared as described (17, 26) . Human platelets were obtained from the National Institutes of Health Blood Bank; platelet membranes were prepared by freezing and thawing, as described by Haslam and Lynham (12) .
Adenylate Cyclase Assays. Adenylate cyclase activity was determined by the production of [P~cAMP formed from [a-32P]ATP; in all cases [P]cAMP was isolated and purified by the method of Salomon et al. (24) . Liver membranes were incubated under conditions shown previously to enhance the inhibitory effects of adenosine (23) . The assay medium contained 10 ,uM ATP, 2 MCi of [a-32P]ATP, 4 mM MgCl2, 1 mM MnC12, 50 ,uM cAMP, 1 mM dithiothreitol, 2 mM creatine phosphate, creatine phosphokinase at 10 units/ml, 10 ,uM 5'-guanylylimidodiphosphate, 1 AM glucagon, and 25 mM Tris-HCI, pH 7.5.
The reaction was initiated with approximately 10,ug of liver membrane protein to give a total volume of 0.1 ml and was stopped after 4 min at 300. Leydig cell and Y-1 adrenal membranes were incubated for 10 min at 370 in medium containing 25 mM Tris-HCI (pH 7.6), 1.5 mM MgCl2, 0.1% crystalline bovine serum albumin, creatine phosphokinase at 30 units/ml, 6.7 mM creatine phosphate, 30 
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The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. Ka(app), concentration required for half-maximal activation; NA indicates that no activation was observed. Ki(app), concentration required to inhibit activity by 50%; NI indicates that no inhibition was observed at the highest concentration tested, which was at least 100 MM. Adenylate cyclase activity in Leydig cell membranes varied from 0.3 to 1.2 nmol of cAMP per mg of protein per 10 min in the absence of test compounds; all active analogs increased activity by approximately 3-to 5-fold with the exception of 5'-deoxyadenosine which achieved 60-70% of the maximal adenosine-mediated stimulation.
These differences have permitted a rough division of the analogs into four classes.
One group of compounds (class A) were nearly equipotent with adenosine as activators of the Leydig enzyme yet were inactive on the liver system. The class A compounds differ from the native nucleoside by virtue of alterations in the purine ring.
Another group of analogs (class B) differ from adenosine in the ribose ring. These compounds were generally as potent as adenosine in inhibiting the hepatic enzyme yet were either inactive or very weakly active on the Leydig cell adenylate cyclase. Note, in particular, that 2',5'-dideoxyadenosine was far more effective on the liver enzyme than adenosine but was inactive on the Leydig cell membranes.
Two other groups of analogs did not distinguish between the two enzyme systems. One group, class C, consists of those analogs that were active on both systems. Finally, those compounds that-had no effect on either enzyme are designated class D; the analogs altered in the "imidazole" portion of the purine ring fall into this category.
Several adenylate cyclase systems exhibit biphasic responses to adenosine, with activation occurring at low concentrations and inhibition at higher concentrations of the nucleoside (12, 14, 15, (27) (28) (29) . It seemed reasonable to ask whether the biphasic effects of these enzymes are mediated through different sites and whether the specificity of the sites mediating the opposite effects would conform to the specificities of the apparently different sites in the liver and Leydig cell adenylate cyclase (12) which is both stimulated and inhibited by adenosine and 2-chloroadenosine. The data in Fig. 1 show that the effects of adenosine on the platelet enzyme are highly dependent on the concentration of Mg2+ in the assay medium. At 0.5 mM Mg2+, activation was readily evident with 0.4 AM adenosine whereas inhibition was rather weak at 10 1uM. When the concentration of Mg2+ was increased, activation by adenosine was nearly abolished whereas inhibition became more apparent. In order to permit detection of both activation and inhibition by adenosine, further experiments with the platelet system were performed in the presence of 1 mM Mg2+.
The biphasic effect of adenosine is-obvious in Table 2 Table 1 ). In separate experiments, 2-chloroadenosine at concentrations higher than 50 IAM was inhibitory.
that strongly resembles the site through which adenosine activated the Leydig cell enzyme; and (ii) a site that closely resembles the site through which adenosine inhibited the liver adenylate cyclase system.
The foregoing permit a rough classification into two adenosine sites: (i) those that have strict structural requirements in the purine moiety (designated "P" sites), and (ii) those, that have strict structural requirements in the ribose moiety (designated "R" sites). Because the liver enzyme does not tolerate alterations in the purine moiety of adenosine, this system contains the "P" type of adenosine site. By contrast, the Leydig cell cyclase system contains an adenosine site that is sensitive to changes in the ribose moiety and can thus be designated as representing an "R" type of adenosine site; modifications in the 2 and N6 positions are well tolerated. A salient feature of the "R" site is the requirement for the 2'-hydroxyl group on the ribose ring. Omission of this hydroxyl (as in 2'-deoxyadenosine), a change in configuration (9-3-D-arabinofuranosyladenine, 9-f3-D-xylofuranosyladenine), and chemical modification (2',3'-isopropylidene adenosine) all result in a marked loss of activity at the "R" site. On the other hand, for the "P" site the 2'-hydroxyl is clearly not critical. A particular feature of the "P" site is the increased potency, with respect to adenosine, of compounds lacking the 5'-hydroxyl group. The great potency of 2',5'-dideoxyadenosine in inhibiting adenylate cyclase systems has been observed by others (19, 22, 23) .
It has recently been suggested (30) that analogs of adenosine that stimulate adenylate cyclase exist in the glycosidic high anti conformation, whereas the 9-(3-D-arabinofuranosyladenine and 2'-deoxyadenine are not stable in this conformation. Although not enough compounds have been analyzed for their conformation, the data thus far are consistent with a "high anti" requitement for the "R" site and an anti or syn conformation for the "P"' site. This possibility is being investigated currently.
The classification of adenosine-responsive "PI' and "R" sites can be extended to other tissues. Huang et al. (6) have shown in brain slices that there is an "R"-type site at which purinesubstituted adenosine derivatives stimulate cAMP accumulation, whereas analogs altered in the ribose ring have been described an "antagonists" of adenosine-, histamine-, and veratridine-stimulated cAMP accumulation. We examined the effects of class B compounds on the cyclase in a 20,000 X g fraction of rat brain homogenates and found that they inhibit activity with a spectrum of apparent affinities that closely parallels that seen with the hepatic cyclase. That is, 2',5'-dideoxyadenosine, 5'-deoxyadenosine, and the arabinose and xylose analogs were as, or more, potent than adenosine, whereas 2'-deoxy-
Proc. Natl. Acad. Sci. USA 74 (1977) adenosine-, 2-chloroadenosine, and 2',3'-isopropylidene adenosine were less potent than adenosine. Stimulation by class A compounds (13, 29, 31) and inhibition by class B analogs has also been observed in neuroblastoma and striatal adenylate cyclase preparations. Thus, it seems probable that brain cyclase contains both "P" and "R" sites, and that at least some of the "antagonistic" effects of certain analogs on brain slices are mediated by the "P" site.
Previous studies (17) have shown that adenosine and 2-chloroadenosine stimulate adenylate cyclase activity in membranes prepared from Y-1 mouse adrenal tumor cells maintained in culture. We have now found that class A compounds stimulate and class B compounds inhibit adenylate cyclase in membrane preparations from these cells ( Table 3) . As with the platelet enzyme, adenosine and 2-chloroadenosine produced a biphasic effect.
In published studies on lung (21), intestinal epithelial (22) , and adipocyte (19) cyclase systems in membrane preparations, in which adenosine inhibits activity, class A compounds were generally ineffective whereas analogs containing modifications of the ribose ring were inhibitory. Finally we examined the effect of adenosine on the thyrotropin-sensitive adenylate cyclase from thyroid; the nucleoside was inhibitory and the inhibitory potency was enhanced by the addition of 0.2 mM Mn2+ to the assay medium (see below). Class A compounds had no effects on the thyroid enzyme, but class B compounds were active and the order of potency for the class B compounds resembled that seen with liver and brain. It seems clear, therefore, that the division of adenosine reactive sites into "P' and "R" types is widely applicable.
The "P" and "R" sites identified in this report may be compared to adenosine "receptors" in other tissues by characteristics other than their reactivity with the various analogs. A feature shared by all adenylate cyclases that are activated by adenosine ("R" sites) is that theophylline antagonizes the effects of the nucleoside and its active analogs (4, 7, 12-15, 17, 28, 29) . In general, the potency of adenosine in activation is not affected by the Mg2+ concentration in the assay medium. On the other hand, the inhibitory potency of the nucleoside on the lung and hepatic (2, 23) enzymes is quite sensitive to the concentration of divalent cation, particularly Mn2 , in the assay medium; inhibitory potency increases with increasing cation concentration. A Mg2+-dependent shift in adenosine potency at the "P" site in the platelet enzyme would explain our finding (Fig.  1 ) that low Mg2+ concentrations were required in order to detect adenosine activation of that enzyme. Thus, both theophylline and cation effects provide parallels between the "P"
and "R" sites we describe and the adenosine-reactive sites reported for several other tissues.
The location of the "P" and "R" sites has not been established, but indirect evidence has suggested that the "R" site has the properties of an extracellular membrane receptor (8, 17, 32, 33) . Although occupancy of this receptor usually leads to stimulation of adenylate cyclase, there is evidence for "R" site-mediated inhibition of cAMP accumulation in intact fat cells (19, 34, 35 On the other hand, occupancy of the "P" site appears to result in lowered cyclase activity in all cells studied. Preliminary studies indicate that the "P" site may be intracellular because detergent-solubilized adenylate cyclase from liver and thyroid (unpublished data) membranes are inhibited by class B compounds in the same order of potency as when these enzyme reside in the membrane. The information in this report should facilitate the effort to determine the locations of the adenosine-reactive sites and their possible role in mediating the biologic effects of adenosine.
